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Abstract 
The hydration of High alumina Cement (HAC) in the presence of sodium polyphosphate (sodium hexametaphosphate -Na6P6O18) 
was investigated under normal and hydrothermal condition. Reference sample and modified one were submitted to long-term 
hydration (365 days). It was found out that sodium hexametaphosphate has increased the compressive strength. The main 
hydration products of HAC (C3AH6 and gibbsite) were found stable over time. However, when submitted to hydrothermal curing 
conditions of 20 bars (corresponding to 220 °C) during 7 days, binder has lower compressive strength values, but increasing with 
time. Thermal analysis method, X-ray diffraction and Scanning electronic microscopy were used to characterize the reaction 
products. Under hydrothermal curing (220 °C/ 20 bars), the main hydration products were hydroxyapatite (Ca5(PO4)3OH) and 
nordstrandite (A(OH)3), known as chemically bond ceramics formed by acid-base reaction between HAC and sodium 
hexametaphosphate. 
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1. Introduction 
The hydration process of Calcium Alumina cements (shorthand CAC) has been intensively investigated [1,2]. It 
depends mainly on temperatures with the formation of CAH10 (below 21 °C), C2AH8 and AH3 (up to 35 °C) or 
C3AH6 and AH3 at higher temperatures. With increasing temperature hexagonal calcium aluminate hydrates (CAH10 
and C2AH8) are converted to the cubic phase (C3AH6). As consequence, this conversion causes a remarkable 
increase in the porosity which is responsible for the strength deterioration, because of the transformation of the 
voluminous hexagonal hydrates into a higher density cubic phase [1]. Therefore, research works were undertaken to 
prevent  strength decrease by applying supplementary latently hydraulic materials (blast furnace slag, fly ash, silica 
fume and pozzolan) [3,4] that could displays a retarding effect on the CAC dissolution and cause the formation of 
gehlenite hydrate C2ASH8 and eventually CSH. Moreover, metastable phases CAH10 and C2AH8 are considered as 
preferential sites of stratlingite - C2ASH8 formation. 
 
Nomenclature 
A Al2O3    HG hydrogarnet 
C  CaO   N Nordstrandite 
H H2O   B Boehmite 
S SiO2   SPP – Sodium polyphosphate of Sodium hexametaphosphate (Na6P6O18) type 
HA Hydroxyapatite 
HAC High alumina cement 
CAC Calcium alumina cement 
 
Also, products known as chemically phosphate bond ceramics (hydroxyapatite (HA – Ca5(PO4)3OH) [5,6] can be 
obtained through acid-based reaction of CAC with phosphate compounds under hydrothermal conditions. 
The formation of hydroxyapatite (HA) and aluminum hydroxide (AH) proceeds by setting and hardening process 
under hydrothermal conditions. Sugana [4] found that these products are resistant to leaching as well as carbonation 
that makes calcium aluminate phosphate binders suitable for geothermal wells.  
The hydrations reactions that occur in geothermal wells are strongly influenced by the temperature and steam 
pressure of fluid surrounding the steel casing [5–7] like those occurring under “hydrothermal curing regimes”. In 
these environments, temperatures and pressures are so high (up to 200 °C and 1.5 MPa in deep wells) that they 
could be appropriated to ensure the formation of chemically bond ceramics by acid-base reaction between CAC and 
phosphate compounds. The main advantage that makes calcium aluminate cement more suitable for geothermal 
exploitation than Ordinary Portland cement (OPC) is that the formation of stable products (HA and AH) are highly 
accelerated under hydrothermal conditions [5,7]. 
The present investigation was undertaken to develop an alternative binders with ceramic bonds applying 
hydrothermal curing to prepare chemically bond hydraulic ceramics by acid-base reaction between CAC and sodium 
hexametaphosphate as sodium polyphosphate (SPP). 
2. Experimental 
High alumina cements (HAC) Gorkal 70 from Gorka Poland, sodium polyphosphate (sodium hexametaphosphate 
-NaPO3)6 (SPP) and calcium hydroxide (CH) were used as based materials. Oxide and mineral composition given by 
producer and analyzed in laboratory as well as composition of mixtures are reported in Table 1 and Table 2. To 
evaluate compressive strength, three prisms of cement paste of each samples (see Table 2) with the dimensions of 
160×40×40mm were prepared and cured under normal and hydrothermal conditions. The conditions of normal 
curing were 90% humidity within the first 24 hours, then under 100% relative humidity for 2, 7, 28, 90, 180 and 365 
days. For hydrothermal curing, the specimens were firstly exposed to steam curing condition at 100 °C for 30 
minutes and then they were quickly demolded and inserted into the autoclave (High Pressure Autoclave Testing 
Bluhm & Feuerherdt GmbH) for curing at pressure of 20 bars (corresponding temperature was 220 °C) during 2 and 
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7 days. Hot prisms were taken off at given period and inserted in hot water that was cooled to 40 °C approximately 
by adding gradually cold water. Compressive strength of hardened samples was measured using WPM WEB 
Thuringer Industriwerk Rauestein 11/2612 (up to 25 000N). The TGA measurements were performed with a Mettler 
Toledo TGA/DSC STRA system (Mettler-Toledo, Switzerland), where sample was placed in an open vessel under 
air atmosphere, and investigated at a heating rate of 10 °C/minute up to 1000 °C under nitrogen atmosphere. 
Hydration of samples for thermal analysis was afterwards stopped by milling them in acetone. Residual acetone was 
removed by drying the samples for 2 h at 50 °C. Scanning electron microscope Zeiss, ZEISS EVO LS 10 from 
Materials Research Centre (Faculty of Chemistry, Brno University of Technology) was used in this study to 
examine the microstructure of hardened pastes. Prepared cross sections were finished with ion beam milling to get 
the best possible surface for high-resolution observation. 
Table 1. Mineralogical and oxide composition of HAC. 
Oxide (%) Laboratory analysis Plant Main phases 
SiO2 1.92 Less than 0.5 % CA: CaO·Al2O3 
CA2: CaO·2Al2O3 Al2O3 68.77 69–71 
CaO 28.04 28–29 Minor associated phases 
Fe2O3 0.16 Less than 0.5 % C12A7: 12CaO·7Al2O3 
A: Al2O3 SO3 0.04 Less than 0.5 % 
 
Table 2. Composition of mixtures. 
Samples HAC (%) SPP (%) CH (%) 
HAC0 100 0 0 
HAC-SPP 44.47 41.62 13.90 
3. Results and discussion 
3.1. Compressive strength 
The mean values of compressive strength results of samples cured under normal conditions are depicted in Fig. 1. 
It is evident that SPP (hexametaphosphate - NaPO3)6) has a positive effect on the mechanical properties. This 
influence can be explained by the filler and stabilization effect of (NaPO3)6- on the products of hydration. The DTG 
curves of HAC and HAC_SPP treated from 25 °C to 1000 °C (Fig. 3) show similar characteristics demonstrating 
thus the formation of identical products.  
 
Fig.1. Compressive strength of samples cured under normal 
condition up to 365 days. 
Fig. 2. Comparison between compressive of samples cured under 
normal and hydrothermal conditions for 7 day. 
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The influence of thermal curing on the mechanical properties of samples HAC_SPP is illustrated by Fig. 2. The 
values of compressive strength are much lower when compared with those of samples cured under normal 
conditions, but increase with time during hydrothermal treatment from 7 MPa at 2 days to 22 MPa at 7 days. 
Lowering values of compressive strength is not the consequence of structure depletion due to the action of vapor 
pressure and temperature, but is the result of new hydration reaction and its mechanism. The hydration reaction 
results in the formation of hydroxyapatite that is stable even at higher temperatures. The stability of such product in 
boreholes of geothermal wells is of great importance since it ensures the protection of steel casing. 
3.2. Results of thermal analysis 
The DTG curves describing the thermal decomposition of HAC and its (NaPO3)6-modified form cured at 25 °C 
show 3 main interval regions with different intensities (Fig. 3 and 4). Temperature range 50–100 °C is attributed to 
the thermal dehydration of alumina gel (AH3-gel) or calcium aluminate hydrate amorphous phase described by 
Bushnell-Watson and Sharp [8]. Also, this peak with mass loss relatively negligible could characterize the 
evaporation of residual free-water and acetone, though this contribution is thought to be minimal (Table 3). Interval 
250 °C to 350 °C with duplex peaks denoting the presence of AH3 which peak tends to overlap with that of C3AH6. 
The temperature range around 500 °C demonstrates the decomposition of boehmite, another form of aluminum 
hydroxide. In sum, the major phases resulting from the hydration of both samples at 25 °C is AH3 and C3AH6.  
 
 
Fig. 3. DTG curves of HAC (a) and HAC-SPP modified (b) cured under normal conditions during 365 days. 
 
 
Fig. 4. TG curves of HAC (a) and HAC-SPP modified (b) cured under normal conditions during 365 days. 
Phosphate-modified HAC (HAC_SPP) exhibits distinct DTG behaviors (Fig. 5a) when cured at hydrothermal 
conditions (20 bars/220 °C) than at ambient ones.  
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The first important result is the strong peak located at around 500 °C. Three peaks are identified at temperature 
ranges 50 – 100 °C, 200 – 400 °C and 500 – 600 °C with maximum at 500 °C. The thermal decomposition of peak 
located at 100 °C can be resulted from the decomposition of AH3 gel as reported by [9]. Similar study under 
microwave heating has reported that peak below 100 °C is due to removal of free water molecules from the gel, 
while that found at 300 °C  characterizes thermal decomposition C3AH6 as well as AH3. Generally two peaks are 
observed around 300 °C when both products are present in sample. A double peak in the interval range 200 °C – 
400 °C is not observed at DTG curves of HAC_SPP cured at 220 °C (20 bars) during seven days. XRD (Fig. 7) does 
not reveal the presence of C3AH6, but that of nordstrandite. Consequently, this single peak can be associated with 
the decomposition of nordstrandite (another form of aluminum hydroxide) alone. 
In (NaPO3)6-modified HAC, a strong endothermic peak located at 500 °C on DTG corresponds to the thermal 
decomposition of boehmite as reported by [4]. It can be assumed that nordstrandite is thermally decomposed at 
300 °C to boehmite following by its transformation to F-Al2O3 at 500 °C. 
 
 
Fig. 5. Comparative DTG of HAC and HAC_SPP cured at normal and hydrothermal conditions. 
TG curves of the HAC_SPP sample cured under hydrothermal conditions (20 bars/220 °C) during 7 days present 
distinct characteristics with total mass about 17. 01 % far behind the mass loss of the same sample cured at ambient 
temperature (24.96 and 22.52 %). This may explain the preferential reaction between CaO.Al2O3 (CA) and 
(NaPO3)6- to form NaCaPO4ÂxH2O rather than C3AH6 at earlier period before its transformation to hydroxyapatite at 
later time and under higher hydrothermal curing conditions (Fig. 6, 7). Hydroxyapatite cannot be thermally 
decomposed below 1000 °C. This can explain lower mass loss of HAC_SPP sample cured under hydrothermal 
conditions (20 bars/220 °C) during 7 days as reported in Table 3 and Table 4. Table 4 gives the composition of 
different products formed during the hydration reaction. The most important temperature interval is 250 – 400 °C 
where C3AH6 and AH3 are decomposed. Therefore, samples cured under normal conditions have the major products 
(C3AH6 and AH3) which thermal decomposition is located at 250 – 400 °C. But HAC_SPP sample cured under 
hydrothermal conditions (20 bars/220 °C) during 7 days has two dominant products at 250 – 400 °C (42.20 %) and 
at 400 – 600 °C (38.03 %) with ratio = 1. The ratio between nordstrandite –Al(OH)3 and boehmite J-AlO(OH) is 
1.30. This finding supports the idea that nordstrandite is the only product thermally degradable at 300 °C formed 
during the hydrothermal curing of HAC_SPP during 7 days. These findings are supported by XRD results.   
Table 3. Relative mass loss (%) of different products in different temperature intervals. 
 150–250 (°C) 250–400 (°C) 400–600 (°C) 600–1000 (°C) Total (%) 
HAC-25°C_7days 2.34 18.69 4.07 1.34 24.96 
HAC_SPP_25°C_7days 3.36 16.2 4.14 0.90 22.52 
HAC_SPP_20 bars_7days 0,56 7.18 6.47 2.39 17.01 
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Table 4. Composition of reaction products. 
 150–250 (°C) 
AH3-gel 
250–400 (°C) 






HAC-25°C_7days 3.44 74.87 16.30 5.38 100 
HAC_SPP_25°C_7days 5.68 71.93 18.38 4.00 100 
HAC_SPP_20 bars_7days 5.70 42.20 38.03 14.00 100 
3.3. Results of XRD analysis 
The course of reaction under hydrothermal curing was investigated by XRD and it reveals the presence of 
hydroxyapatite (Ca10(PO4)6(OH)2, HA) (JCPDS Card No. 00-024-0033) as the major phases with nordstrandite 
(Al(OH)3, JCPDS Card No. 00-024-0006) as the secondary phase in sample cured at 220 °C during 7 days. 
Hydrogarnet (C3AH6), boehmite and hydroxyapatite were identified in samples cured under the same conditions 
during 2 days. The mechanism of acid-base reaction between HAC and (NaPO3)6 under hydrothermal conditions 
depends on the sequence of reaction at different temperatures. Considering the results of XRD and thermal analysis, 
one can postulate that when HAC is hydrated by (NaPO3) n-based solution under hydrothermal condition HAC, 
rapid reaction of calcium aluminate with water is lowered. Products such NaCaPO4ÂxH2O and hydrated alumina gel 
(Al2O3ÂxH2O) can be formed at beginning. With increasing hydrothermal curing time (7 days), amorphous sodium 
calcium orthophosphate hydrate (NaCaPO4ÂxH2O) is transformed to crystalline hydroxyapatite (Ca10 (PO4)6(OH) 2, 
HA). In the meantime, hydrated alumina gel (Al2O3ÂxH2O) is transformed into aluminum hydroxide and boehmite 
(Fig. 6) before the conversion to nordstrandite (Fig. 7). 
 
 
Fig. 6. XRD samples cured at hydrothermal curing (220 °C_20 bars_2 days): B –Boehmite, HG- hydrogarnet, and HA-hydroxyapatite. 
 
 
Fig. 7. XRD samples cured at hydrothermal curing (220 °C, 20 bars, 7 days): HA-hydroxyapatite, N-nordstrandite, P- phosphite Na2H2P2O5. 
125 Martin Palou et al. /  Procedia Engineering  151 ( 2016 )  119 – 126 
3.4. Microstructure analysis 
Microstructure of samples HAC_SPP hydrated under hydrothermal conditions during 2 and 7 days were 
observed. There is a clear evidence of the presence of crystalline phases of hexagonal calcium aluminate hydrate 
crystals found in sample cured during 2 days (Fig. 8a), suggested to be C3AH6 as determined by XRD (Fig. 8). 
Sample HAC_SPP cured at temperature 220 °C under 20 bars during 7 days shows a honeycomb structure. The 
sample was foamed under these hydrothermal conditions. The mechanism of this process is not clear. It can be 
expected that sodium hexametaphosphate (Na6P6O18) can act also as foaming agent at certain hydrothermal 
conditions leading to the formation of hydroxyapatite with porous structure. 
 
        
Fig. 8. Microstructure of sample HAC_SPP samples cured at hydrothermal conditions (a): 220 °C, 20 bars, 2 days, (b) 220 °C, 20 bars, 7 days. 
4. Conclusion 
The results from the preliminary investigations showed that the chemically bounded phosphate ceramics as 
hydroxyapatite supplemented by aluminum hydroxide can be obtained through acid-base reaction between High 
Alumina Cement and sodium hexametaphosphate (Na6P6O18). The sequence of reaction and its mechanism is not yet 
fully understood. The reaction starts with the formation of NaCaPO4.xH2O, C3AH6, boehmite, followed by 
crystallization of hydroxyapatite and nordstrandite at higher hydrothermal condition of curing. This process is vital 
for the application in geothermal and oil wells and could be used in the synthesis of hydroxyapatite with porous 
structure.  
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